a alain.portavoce@l2mp.fr, b isabelle.berbezier@l2mp.fr, c antoine.ronda@l2mp.fr, e j.s. christensen@fys.uio.no, f a.y.kuznetsov@fys.uio.no, g b.g.svesson@fys.uio.no Abstract. We have investigated the lattice diffusion of B and Sb by means of molecular beam epitaxy in Si 1−x Ge x (x < 0.2) layers grown on Si(001) substrate. Using Si 1−x Ge x relaxed buffers we were able to differentiate the chemical effect (change in the Ge composition) as opposite to the biaxial stress effect (due to the epitaxy on Si) on dopant diffusion. B diffusion follows a behavior opposite to Sb diffusion versus Ge composition and biaxial stress. These results are explained in view of the difference of diffusion mechanism between B (interstitials) and Sb (vacancies). We also show that dopant diffusion follows contrasting behaviors under biaxial pressure and hydrostatic pressure, and that the activation volume of dopant diffusion is of opposite sign for biaxial pressure and for hydrostatic pressure. This is explained using a formalism based on the extra work done by the system for diffusion under pressure, concluding that for biaxial stress the activation volume depends mainly on the relaxation volume linked to the defect formation.
Introduction
Biaxial stress is frequently met in microelectronic structures, which are composed of a stack of different semiconductor layers with different composition and strain states [1] . The influence of hydrostatic pressure on atom diffusion had been commonly employed to evidence diffusion mechanisms [2] , but experimentally few tests have been done exploring the relationship between diffusion mechanism and biaxial stress [3, 4, 5, 6] . The stress resulting from the epitaxy being biaxial, the molecular beam epitaxy (MBE) deposition technique offers the possibility to make Si 1−x Ge x layers under different biaxial stress states [7] . In this paper we choose to study the influence of biaxial pressure on the diffusion of B and Sb that use different diffusion mechanisms in Si 1−x Ge x (x < 0.2). Indeed, our aim is to compare the influence of biaxial and hydrostatic pressure on interstitial mediated diffusion (B) and vacancy mediated diffusion (Sb). Furthermore, we aim to give an interpretation linking the effect of the two types of pressure to these diffusion mechanisms (see Aziz [8, 9] ).
Experimental
The Si 1−x Ge x layers were grown in a Riber molecular beam epitaxy (MBE) system with a base pressure typically < 10 -11 Torr. Silicon was evaporated using an electron beam evaporator. Ge, B and Sb were evaporated from effusion cells. Three types of Si 1-x Ge x structures were produced: (i) relaxed layers (x = 0, 0.09 and 0.18), (ii) compressively strained layers (x = 0.09 and 0.18) and (iii) layers under tensile strain (x = 0.09). Each sample is composed of a dopant diffusion source (0.1 monolayer of B or 0.5 monolayer of Sb) deposited between two 50 nm thick Si 1-x Ge x layers grown at 550 °C. For the compressively strained samples, these layers were grown directly on Si(100) and were covered with 20 nm of Si at low temperature (T < 200°C). The relaxed structures were grown on the same composition Si 1−x Ge x relaxed buffer layer deposited on the Si(001) substrate. The structures under tensile strain were grown for epitaxy on a relaxed Si 0.81 Ge 0.19 buffer. Fig. 1 is a schematic presentation of these different structures. The concentration of dislocations in the relaxed Si 1-x Ge x buffers was measured by means of atomic force microscopy and transmission electron microscopy. It was found to be lower than 10 5 cm -2 . X-ray diffraction measurements confirmed that the level of relaxation in these buffers was larger than 95 %. Each sample was cleaved in several pieces, then one of them was kept as a reference and the others were annealed. The B doped samples were annealed in the same furnace under inert N 2 atmosphere at 900 °C while the Sb doped samples were annealed in the same vacuum furnace (P ~ 10 −6 Torr) at 800 °C. In order to measure the diffusivity, we performed a numeric resolution of the diffusion equation using the SIMS profile in the reference piece as departure distribution, and using the SIMS profile in the annealed pieces as final distribution. For example, Fig. 2 shows the B concentration profiles measured in the unstressed Si 0.91 Ge 0.09 sample before and after annealing at 900 °C, and the numeric fit that allowed extraction of the diffusion coefficient in this layer.
Results

Fig. 3 shows the variations of the B diffusion coefficient versus the Ge composition for unstressed and compressively stressed Si 1-x Ge x layers. For both types of film the B diffusion decreases when
the Ge concentration increases. One can notice that for constant Ge composition, a compressive biaxial stress decreases the diffusion coefficient of B. Fig. 4 presents the variations of the Sb diffusion coefficient versus the Ge composition for unstressed and compressively stressed Si 1-x Ge x layers. For both types of film, contrasting with B, the Sb diffusion increases with the Ge concentration, and for constant Ge composition the diffusion coefficient of Sb increases under compressive biaxial stress.
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Diffusion in Solids -Past, Present and Future Assuming that the diffusion is mediated by only one major mechanism and knowing the variation of the diffusion coefficient versus pressure, the activation volume of diffusion (∆V) can be obtained from the following equation [2, 11] :
with k the Boltzmann's constant, T the temperature and D the diffusion coefficient. ∆V is defined as the sum of two volume variations: a volume variation (∆V f ) due to the formation of the defect linked to the diffusion and a volume variation (∆V m ) due to the migration of the defect during the diffusion.
The activation volume under biaxial pressure (∆V b ) had been deduced from the fit of the data presented in Figs. 5 and 6. In the case of B diffusion, ∆V b has been found to be positive and equal to 1.53Ω (Ω being the atomic volume). In the case of Sb, ∆V b has been found to be negative and equal to −2.28Ω.
Discussion
The variations of the lattice diffusion coefficients of B and Sb versus the Ge composition can be understood considering that B diffusion is interstitial mediated and that Sb diffusion is vacancy mediated [12] . The melting point of Ge (938.3 °C) is lower than the melting point of Si (1414 °C) leading to an increase of the vacancy concentration and a decrease of the interstitial concentration in Si 1-x Ge x when x increases [13] . Zhao et al. [14, 15] have shown that in Si, the B diffusion increases while the Sb diffusion decreases under hydrostatic pressure. This has been also explained considering the variation of point defect concentration versus pressure. Indeed, under hydrostatic pressure the concentration of interstitials increases and the concentration of vacancies decreases [16] . They have shown that under hydrostatic pressure the activation volume is negative for B diffusion (∆V H = −0.17Ω at 810 °C) and positive for Sb diffusion (∆V H = 0.07Ω at 860 °C). One can notice that under biaxial pressure the diffusion of B and Sb still follow different behaviors, which can be due to their difference of diffusion mechanism, but the diffusion of B and Sb exhibit variations opposite to their variations under hydrostatic pressure. A preliminary explanation can be given considering the creep theory. In the case of a biaxial compression, one can expect a dilatation of the film along the direction normal to the free surface (surface normal to the direction of diffusion where no pressure is applied) in order to relax the stress. This dilatation can be assisted by the formation of additional vacancies in the crystal allowing better stress relaxation. Thus, contrasting with hydrostatic pressure, a biaxial pressure should promote an increase of the vacancy concentration and a decrease of the interstitial concentration, explaining the opposite behavior of dopant diffusion versus hydrostatic and biaxial pressure. The diffusion coefficient can be written as: 
∆S, ∆H, and E are respectively the entropy variation, the enthalpy variation and the activation energy of diffusion. D 0 is called the pre-exponential factor of the diffusion coefficient. Under pressure, one can consider that the system has to provide an extra work (W) for atom diffusion. The expression of the coefficient of diffusion becomes:
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with D relax the diffusion coefficient without pressure (P = 0). W is the sum of the works done against the pressure for the formation (W f ) and the migration (W m ) of the defect related to the diffusion mechanism:
The index i corresponds to the three directions of space. Eq. 8 gives for hydrostatic pressure:
( )
Ω is the atomic volume with (+) for a vacancy and (−) for an interstitial, and ∆V r is the relaxation volume of the point defect. Usually ∆V r is expected to be smaller than Ω, positive for an interstitial and negative for a vacancy. Assuming that the defect formation is localized at the free surface [8, 9] , for biaxial pressure Eq. 8 gives:
V j r is the relaxation volume and V j m is the migration volume of the defect in the direction j (normal or parallel to the direction of diffusion). The defect's migration volume can be understood as the variation of the defect's relaxation volume during atom motion. If we assume that the defect has a constant volume during diffusion, which indicates that lattice distortions are in an elastic regime and that each direction in the lattice has a constant elasticity, then ∆V ⊥ m = 0 and ∆V // m = 0 leading to ∆V m = 0. This assumption is equivalent to neglecting the migration part of the activation volume. With this approximation, we obtain for an interstitial mechanism:
and for a vacancy mechanism:
Considering the diffusion mechanism of B and Sb in Si 1-x Ge x (x ≤ 0.2), Eqs. 11 to 14 combined with Eq. 6 lead to the correct variation of the diffusion coefficient of B and Sb versus hydrostatic and biaxial pressure. We obtain the correct sign for the activation volumes of B and Sb versus the pressure type. This interpretation supposes that the activation volume under biaxial stress depends mainly on the relaxation volume of the point defect linked to the diffusion mechanism, assuming that the point defect formation is principally located at free surface.
Conclusion
The B and Sb diffusion in Si 1-x Ge x layers (0 ≤ x < 0.2) grown by molecular beam epitaxy on Si(001) substrates have been investigated. The lattice diffusion coefficient of B decreases when the Ge concentration increases in relaxed layers (chemical or alloying effect), decreases under biaxial compressive stress, increases under biaxial tensile stress. Furthermore, the combined effects of chemistry and stress lead to the decrease of the B diffusivity in Si 1-x Ge x layers in epitaxy on Si substrates. The diffusion coefficient of Sb follows the opposite variations versus composition and stress, and the activation volumes of B and Sb under biaxial pressure have opposite sign. Observing that B and Sb follow contrasting behaviors under hydrostatic pressure, we show that the results can be explained using a formalism based on the extra-work made by the system for diffusion under pressure and considering the diffusion mechanisms of the dopants. This formalism supposes that the activation volume of diffusion under biaxial stress involves only the relaxation volume of the defect (we neglect the volume of migration), explaining the opposite behavior of dopant diffusion under hydrostatic and biaxial pressure.
